The structures of the compounds we call 3a, 3b, and 3c-compounds that incorporate (i) the tripyrrole peptide of the minor-groove-binding distamycin class of compounds and (ii) polyamine ligands that extend from the minor groove and can interact with phosphodiester bonds-were arrived at by computer-graphics designing by using the x-ray structure of distamycin A complexed in the minor groove of d(CGCAAATTTGCG)2. Compounds 3a, 3b, and 3c are elaborations ofdistamycin analog 2, designed for improved stability in solution and easier synthesis and purification, which itself binds weakly to DNA. Compounds 3a, 3b, and 3c have been synthesized, and the interaction of distamycin A, 2, 3a, 3b, and 3c with calf thymus DNA, poly(dA-dT), poly(dG-dC), poly(dIdC), pBR322 superhelical plasmid DNA, and, in the case of 3b, T4 coliphage DNA have been studied. The following pertinent conclusions can be drawn. Binding of 3a, 3b, and 3c occurs in the minor groove of DNA and, because of favorable electrostatic interaction of diprotonated polyamine side chains and DNA phosphodiester linkages, the tenacity ofDNA binding and site specificity of3a, 3b, and 3c are comparable to that ofnative distamycin A. 3b has been found to induce changes in the superhelical density of pBR322 plasmid DNA. The study establishes that the central pyrrole N-CH3 substituent of 2 can be replaced by bulky polyamine metal ligands to create any number of compounds that bind into the minor groove at A+T-rich sites and are putative catalysts for the hydrolysis of DNA.
superhelical density of pBR322 plasmid DNA. The study establishes that the central pyrrole N-CH3 substituent of 2 can be replaced by bulky polyamine metal ligands to create any number of compounds that bind into the minor groove at A+T-rich sites and are putative catalysts for the hydrolysis of DNA.
It has been estimated that the half-life for the hydrolysis of a simple dialkyl phosphate ester at pH 7.0 is about 200 million years (1) . It is apparent then why phosphodiester bonds link the letters of the genetic code. Chemists have yet to design and prepare worthwhile catalysts for the hydrolysis of dialkyl phosphate esters. This remains a desirable goal. Having small molecules that catalyze the hydrolysis of DNA at given sequences could be of great advantage in the study of DNA structure and function.
The desired characteristics of a small molecule capable of hydrolyzing DNA would include: (i) its binding to a specific base sequence of DNA, and (ii) a catalytic site holding metal ions or protons and a nucleophile juxtaposed to the phosphodiester bond. The hydrolysis of DNA phosphodiester linkages is catalyzed by nuclease enzymes, which require metal ions for their activity. Both Mg2" and Zn2+ are directly involved in the 3'-to-5' exonuclease activity of the Klenow fragment of DNA polymerase I from Escherichia coli. Evidence for the catalytic role of the metal ions comes from the x-ray crystallographic data of a cocrystal of DNA and the Klenow fragment (2, 3) . It has been proposed that the established (4) in-line displacement of the 5' oxygen is by HO-ligated to the Zn2+ and that the incipient 5' oxyanion leaving group is coordinated by Mg2'. A combination of two metals has also been reported as essential to phosphodiester hydrolysis by E. coli alkaline phosphatase (5) and phospholipase C from Bacillus cereus (6) . There are several model studies that support roles for metal ions in phosphodiester bond hydrolysis (7, 8) . Positively charged arginines in the active site of hydrolytic nucleases (9) have also been suggested to play an important role in catalysis by interacting with the negatively charged dialkyl phosphate ester substrate (10). It is not inconceivable that a single low molecular weight molecule could play both types of catalytic roles. Thus, a catalytic protonated polyamine might also exhibit catalysis by ligation of the proper metal ion (11) .
We report at this time the design, synthesis, and DNA binding of representatives of a class of compounds (3a, 3b, and 3c in Fig. 1 ) that incorporate the tripyrrole peptide of the minor-groove-binding distamycin (compound 1 in Fig. 1 ) class of compounds and, in addition, polyamine ligands that can interact with phosphodiester bonds and extend outwards from the minor groove. The complexity of the compounds we report here is sufficient to provide an answer to our initial concern as to whether steric hindrance by the bulky ligands and their tether prevents minor-groove binding or if electrostatic interaction of the putative catalytic groups with the phosphodiester linkage enhances minor-groove binding. We have found the latter situation to prevail.
MATERIALS AND METHODS
Materials. Distamycin A and ethidium bromide (EtdBr) were purchased from Sigma. T4 coliphage DNA was from Sigma and was extracted with phenol before use. Sonicated calf thymus DNA with an average length of 500 base pairs, pBR322 plasmid DNA, and all synthetic polynucleotides were from Pharmacia. Topoisomerase I from calfthymus was purchased from GIBCO/BRL.
Synthesis of Distamycin Analogs. Synthetic sequences for preparation of distamycin analogs 3a, 3b, and 3c are shown in Fig. 2 along with the conditions and reagents used. Compounds 2, 4a, and 4b were synthesized following similar procedures. With the exception of the use of diethyl cyanophosphonate (DECP) as the coupling reagent for peptide synthesis, the procedures used to create the tripeptide from its monomers are basically similar to the published methods (12) (13) (14) (15) . Detailed procedures will be published elsewhere.
The structural identification of 3a, 3b, and 3c was established by Fourier transform IR (Perkin-Elmer 1600), 1H NMR (General Electric GN-500), low-resolution MS (VGII-250), and elemental analysis. (17) . Coordinates for the amine ligand -N(CH2CH2CH2NMe2)2 and for aliphatic chains (CH2)A (n = 3, 4, and 5) tethered on pyrrole nitrogen were generated by using the chemNote program in QUANTA. Atomic partial charges of the atoms of 2, 3a, 3b, and 3c were calculated by using the MNDO program (18) incorporated in QUANTA.
DNA Binding Affinities. The EtdBr displacement method (19) was used to determine DNA binding affinities. Fluorescence measurements were performed on a LS-50 PerkinElmer spectrofluorometer with 546 nm as excitation wavelength and 591 nm as the emission wavelength. Standard solutions for fluorescence measurements contained 40 mM NaCl, 25 mM Tris (pH 7.5), 2 mM DNA, and 2.6 mM EtdBr. UV-visible absorption spectra were obtained, and spectral analysis and data fitting were performed with an OLIS (Athens, GA) Cary-14 spectrophotometer and OLIS software. Gel electrophoresis was performed on an H5 horizontal electrophoresis apparatus from GIBCO/BRL.
RESULTS AND DISCUSSION
Peter Dervan and associates (20) have developed molecules that bind in the minor groove of DNA with high selectivity for A+T-rich sequences and catalyze DNA oxidative cleavage by use of Fenton chemistry. An entire subfield now deals with the cleavage of DNA by sequence-selective degradation of deoxyribose or base entities with redox chemistry (21) (22) (23) . Our ultimate goal is the design of molecules that selectively catalyze the hydrolysis of DNA. In the design of the molecules reported here, we have used Dervan's approach of modification of known A+T sequence-selective minorgroove-binding molecules. Molecular Designing. Molecular designing was based upon the x-ray crystallographic structure of distamycin A (compound 1) complexed in the minor groove of d(CGCAAATT-TGCG)2 (17) . As shown by this x-ray structure and numerous binding studies (24) , the crescent-shaped distamycin tripeptide binds at AT-rich regions of DNA with a binding constant of about 106 M-1. When one examines the atoms that neighbor the DNA phosphate groups in the 1-d(CG-CAAATTTGCG)2 complex, it becomes immediately evident that the DNA phosphate groups have about the same periodicity as do the distamycin pyrrole rings. Further, the carbon of the N-methyl groups substituted on the pyrrole rings of 1 are located about 5 A away from the DNA phosphate phosphorous atoms (Fig. 3 Though the molecular designing was carried out by using the x-ray structure of 1-d(CGCAAATTTGCG)2 complex, our synthetic compounds 3a, 3b, and 3c are, after Wade and Dervan (27) , elaborations of compound 2 (Fig. 2) . The rationale for our doing so follows. In the first place, compound 1 is unstable in solution, and this instability can be removed by replacing the formamido and 3-amidinopropyl groups by the acetamido and 3-dimethylaminopropyl groups to provide compound 2. Also, changing the positive amidine group of 1 to the neutral tertiary amino group of 2 makes both synthesis and purification much easier. In particular, one is not bothered by the unwanted side reaction to peptide synthesis of the reaction of the coupling reagent DECP with the amidine group to form a phosphamide. The x-ray structure of 1-d(CGCAAATTTGCG)2 complex shows that the terminal amidine cationic group in distamycin lies deep in the minor grove. The pKa value for the terminal tertiary amino group in 2, 3a, 3b, and 3c is about 9.5, so that it should be protonated at neutral pH. Modeling establishes that the conversion of 1 to 2 is not accompanied by unwanted steric effects. The key rationale for the synthetic scheme designed here is that numerous metal-chelating groups such as polyamines can replace the N-methyl substituent of the central pyrrole of 2 with little synthetic difficulty.
In compounds 3a, 3b, and 3c, the -(CH2)n-N[CH2CH2-CH2N(CH3)2h2 functional group in which n = 3, 4, and 5, respectively ( Fig. 1 (Fig. 3 Middle).
Comparison of Binding Affinities. The binding affinities of compounds 1, 2, 3a, 3b, 3c, 4a, and 4b to sonicated calf thymus DNA and synthetic polymers poly(dA-dT), poly(dGdC), and poly(dI-dC) have been compared by using the EtdBr displacement method (19 (Fig. 4) is supported by a study of the interaction of 3a with T4 Fluorescence intensity of EtdBr in the presence of calf coliphage DNA monitored by the change in extinction coef-)NA and 1, 2, 3a, and 4a, respectively. The ethidium ficient and bathochromic shift of the longer wavelength ient curves for 3b and 3c are similar to that of 3a, and the absorption band of 3a on complexation by DNA. The Ama,, of b is similar to that for 4a. Conditions are described in the 3a has a similar red shift in binding to T4 DNA and to calf Table 1. thymus DNA. T4 coliphage DNA is glycosylated throughout the major groove (31) . Thus, complexing of 3a by T4 DNA saturation by the agent, has been used as an estimate should only occur in the minor groove. In accordance with )inding constant for the agent. The index (C50/% the ethidium displacement results, 3a, 3b, and 3c have the in fluorescence at saturation) values for binding of 1, same base specificity and groove-binding characteristics to , 3c, 4a, and 4b are provided in Table 1. DNA as does 1. The same conclusion is reached from spectral nycin binds DNA with strong preference for A+T analysis. The extent of the red shift follows the order es (24) . The index value obtained here for binding of poly(dA-dT) (19 nm) calf thymus DNA (18 nm) > poly(dG-(dA-dT) polymer is almost 220 times smaller than the dC) (6 nm). Thus, the bulky pyrrole N-substituents of 3a, 3b, tlue for binding of 1 to poly(dG-dC). Index value for and 3c with associated positive charges do not alter the to calf thymus DNA, a natural DNA with 58% A+T specificity for DNA binding, which is due to the poly(pyrrole is about 70 times smaller than that of poly(dG-dC).
amide) structure found in netropsin and distamycin. Binding to replace a similar amount of ethidium, a much a molecule of 3a, 3b, and 3c may, like distamycin, occupy a jantity of 1 is needed for sequences of G+C than for site of 4 or 5 base pairs and, therefore, may displace the same he following conclusions may be drawn from the data amount of bound ethidium as does 1. If this is so, and since 1.
the indices of 1, 3a, 3b, and 3c are comparable, it could be e binding of 1 to DNA is much more favorable than concluded that the equilibrium binding constants for 3a, 3b, inding of 2. The x-ray structure of the 1-d(CGand 3c are comparable to that of 1 (20) with poly(dA-dT) (106 'TTGCG)2 complex shows that the protonated ami-M-1) and poly(dG-dC) (104 M-').
)stituent of 1 is within hydrogen-bonding distance of (iv) Compounds 4a and 4b are derived from 2 by exchange ie-4 of the DNA substrate. The protonated amine of an N-CH3 for the bulky and nonfunctional -(CH2)nent of 2, which replaces the amidine substituent in 1, CH(OCH2CH3)2 substituents (n = 2 and 3, respectively). ipable of such hydrogen-bond formation. The more Thus, the binding of 4a and 4b should resemble the binding d positive charge and hydrogen-bonding capability of of 3a and 3b if the latter did not involve an electrostatic line structure allows greater interaction than does the component. Binding of 4a and 4b to DNA is a bit weaker than amine.
is the DNA binding of 2. :ed polyamine side chain of 3a, 3b, and 3c overcome DNA in the absence of any reducing agents or metal ions (data not shown). It was found, in the presence of 3a or 3b, that the amount of conversion of supercoiled DNA form I to the relaxed form II did not continuously increase with time, nor was the observed conversion proportional to the concentration of 3a or 3b used. Therefore, rather than DNA strand breakage, mechanisms such as unwinding of supercoiled DNA must be responsible for the relaxation effect of 3a or 3b on pBR322.
To explore these possibilities, topoisomer families of pBR322 were prepared by relaxing negatively supercoiled DNA with calf thymus topoisomerase I (32, 33) in the presence of 3b. Supercoiled plasmid pBR322 was completely relaxed with an excess amount of topoisomerase I in the absence of 3b (Fig. 5, lane 1) . With increasing concentrations of 3b, the gel shows (lanes 2 to 5) a family of bands reflecting the presence of DNA species with varying extents of superhelicities. Increasing concentrations of 3b first relocates the center of the Boltzmann distribution and shifts it toward DNA bands with higher superhelicities that will migrate faster than relaxed DNA on the agarose gel. Further increase in 3b concentration decreases the bands of higher superhelicities back to a relaxed form. These results provide direct evidence for the unwinding ability of 3b. At comparable concentrations, the change in superhelicity followed the order netropsin (34) = 3b >> 1.
In summary, we have designed molecules (3a, 3b, and 3c) in which the central pyrrole N-methyl group of compound 2, which displays weak A+T minor-groove binding, is replaced by the positively charged metal-chelating polyamine group
